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The effective nuclear charges (Z.,ff), which are empirical parameters in an approximate spin-orbit
Hamiltonian, are determined for main group elements in the second to fifth periods by using experimental
results for the fine structure splittings (FSS) in II states of diatomic hydrides. All calculations use full valence
multiconfiguration self-consistent field (MCSCF) wave functions with the effective core potential (ECP)
basis sets proposed by Stevens et al., augmented by one set of polarization functions. These effective nuclear
charges are tested by predicting the FSS in many diatomic molecules and are then applied to evaluate the
relativistic potential energy curves of the methylene analogs AHz (A = C, Si, Ge, and Sn), as well as XHX and
NaX (X = Br and 1).
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The effective nuclear charges (Z.,ff), which are empirical parameters in an approximate spin-orbit Hamiltonian, 
are determined for main group elements in the second to fifth periods by using experimental results for the 
fine structure splittings (FSS) in II states of diatomic hydrides. All calculations use full valence 
multiconfiguration self-consistent field (MCSCF) wave functions with the effective core potential (ECP) basis 
sets proposed by Stevens et al., augmented by one set of polarization functions. These effective nuclear 
charges are tested by predicting the FSS in many diatomic molecules and are then applied to evaluate the 
relativistic potential energy curves of the methylene analogs AHz (A = C, Si, Ge, and Sn), as well as XHX 
and NaX (X = Br and 1). 
Introduction 
Development of new or enhanced computational capabilities 
improves our ability to use theory for the prediction of properties 
and reactivities of chemical compounds. 1 In such theoretical 
investigations the effects of electron correlation are often 
important, since there are many electrons in these molecules. 
Relativistic effects can also play an important role in determining 
the energetic order of electronic states, as well as the nature of 
reaction paths, when heavy elements are contained in these 
molecules. Because of recent advances in theory and code 
development, it is becoming straightforward to estimate the 
effects of electron correlation using such methods as perturbation 
theory,2 configuration interaction3 (CI), multiconfiguration self-
consistent field4 (MCSCF), and coupled-clusters.5 
On the other hand, there are few general codes available to 
treat relativistic effects such as spin-orbit and spin-spin 
couplings in polyatomic molecules. The development of the 
needed formalism for the full Breit-Pauli spin-orbit Hamil-
tonian in terms of Gaussian integrals has been implemented in 
some research programs6- 8 but is not generally available. A 
more widely applied method uses a one-electron operator based 
on the difference potential !:1U extracted from large and small 
component spinors.9,JO 
The simplest method of computing the spin-orbit interaction 
uses the one-electron term of the Breit-Pauli Hamiltonian, 
Hso = (a2/2) LL(Zet/A)Ir~) L;A'S; 
i A 
in which a is the fine structure constant and L and S are orbital 
and spin angular momentum operators for electrons i and nuclei 
A. Here, the nuclear charge Z is replaced by a scaling parameter 
Zerf in order to approximately account for the missing two-
electron spin-other orbit term. Typically, these are chosen to 
reproduce experimental or calculated atomic spin-orbit interac-
* To whom correspondence should be addressed. 
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tions. This model has been used for several approximate 
calculations 11.1 2 as well as work using more exact wave 
functions. 13- 17 Its numerical basis 18 is that the two-center one-
and two-electron terms approximately cancel for lighter ele-
ments. Of course, use of such an empirical operator can 
ultimately be judged only by how well it works in practice. 
Most previous work done with this operator involved only a 
few chemical elements (primarily Si, U, and Th), and thus, little 
systematic information on the errors of this approximation is 
available. The available work is summarized in ref 9b, where 
the authors criticize this form of H,0 on the grounds that their 
one-electron !:1U operator does not show a r- 3 dependence but 
admit that the Zeff operator "yields good qualitative, and in some 
cases, quantitative results". 
In a previous paper19 we obtained good numerical results from 
such scale factors for all-electron calculations on light (second 
and third period) elements. Therefore, in the present work we 
propose effective nuclear charges for second, third, fourth, and 
fifth period main group elements for use with a standard 
relativistic effective core potential (ECP) basis set. Our motive 
in working with ECP basis sets is that these already incorporate 
the effects of mass-velocity and Darwin relativistic corrections 
into the averaged core potentials, and thus are preferable to all-
electron basis sets for heavy elements. Since the primary 
influence of these spin-free relativistic effects is on core orbitals, 
their indirect inclusion via ECPs permits valence electrons to 
move in the field of a relativistic core. This is normally 
considered to include their predominant effect;20 therefore, the 
remaining valence electrons are treated with the usual nonrela-
tivistic Hamiltonian, to which the above approximate Zerf spin-
orbit term is added. 
The ECP effective nuclear charges are used to compute fine 
structure splittings (FSS) in a series of diatomic molecules, as 
the energy differences between states after diagonalization of 
HNR + H,o, in a numerical test of the accuracy of this form of 
Hso· Application is then made to diatomic and triatomic 
© 1995 American Chemical Society 
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surfaces, namely the dihydride AH2 analogs to methylene (A 
= C, Si, Ge, Sn), as well as XHX and NaX (X = Br, 1). 
Method of Calculation 
Effective core potential basis sets10·21 ·22 are commonly used 
for the heavier elements, especially since they contain relativistic 
effects in the potentials. The ECP bases designed by Stevens, 
Basch, Krauss, and others21 (SBK) are used in this study because 
they have the most flexible valence basis sets. In order to obtain 
more reliable results, the SBK heavy atom basis sets were 
augmented with one set of d functions, 23 and one set of p 
functions was added to the -31 G basis set24 for hydrogen. 
Multiconfiguration self-consistent field (MCSCF) wave func-
tions are used throughout,25 with all valence orbitals and 
electrons included in the active space. The full valence space 
type computations can thus be summarized as MCSCF/SBK-
(d,p). The state-averaged MCSCF method was employed to 
ensure the correct treatment of symmetry in degenerate states. 
As in our previous work, 19 the effective nuclear charges were 
chosen to reproduce the experimental fine structure splittings 
(FSS) of low-lying doublet and triplet TI states in diatomic 
hydrides AH. Only the interactions between the two compo-
nents of the TI states were considered, unless otherwise 
specified. The Z.rr determined in this manner were then tested 
by predicting the FSS values for low-lying TI states in a series 
of diatomic molecules AB. Analogous FSS calculations were 
performed using the 3-21G(d,p) basis set26 in order to understand 
the effects of using valence SBK(d,p) orbitals which are missing 
the radial nodes. Where appropriate, we use different orbitals 
for states of different multiplicities. Corresponding orbital 
transformations allow the active space of singlet and triplet 
states, say, to be optimized for that multiplicity.27 Other 
computational details for the polyatomic applications will be 
described below. All calculations were performed using the 
quantum chemistry code GAMESS.28 
Results and Discussion 
Determination of Zerr· Effective nuclear charges for the main 
group elements (Li through I) are listed in Table 1, together 
with the FSS of low-lying TI states29 in their diatomic hydrides 
(AH). These MCSCF/SBK(d,p) Zerr values are given by the 
following formula: 
Zerr = fmZ; / 1 = 0.45 + 0.05n Li-F 
/ 2 = 12 for Na-C1 
f 3 = 41 forK, Ca, Ge-Br (/3 = 11 for Ga) 
f 4 = 110 for Rb, Sr, Sn-1 (/4 = 33 for In) 
where Z is the true nuclear charge and n is the number of valence 
electrons. The semicore SBK basis set was used for Ga and 
In, which results in different fm values. Acceptable fits to 
experimental data (within 10%) were obtained for Na to I 
without makingfm a function of the number of valence electrons. 
Serious disagreement is found only for BeH and SrH, which 
will be discussed in the next section. 
For Li-F, the Z.rr calculated here using the SBK(d,p) basis 
set are very nearly identical to those determined using MCSCF/ 
6-31G(d,p) wave functions, 19 which were 
Zen= fmZ; / 1 = 0.40 + 0.05n for Li-F 
f 2 = 0.925 - O.Ol25n for Na-C1 
Note in particular that the second period Zerf are smaller than 
the corresponding true nuclear charges. The values for Li-F 
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TABLE 1: Fine Structure Splittings [cm-1] in ll States of 
AH Molecules Calculated by Using Effective Nuclear 
Charges Zerr Determined by MCSCF/SBK(d,p) Method 
molecule state R," 
LiW 
BeH 
BH+ 
BH 
CH+ 
CH 
NH+ 
NH 
NW 
ow-
OH 
FH+ 
NaH-
MgH 
AlH+ 
AlH 
SiH 
PH+ 
PH 
PW 
sH+ 
SH 
ciH+ 
KH 
CaH 
GaH 
GeH 
AsH 
SeH 
BrH+ 
BrH 
RbH 
SrH 
InH 
SnH 
SbH 
TeH 
IH+ 
IH 
2n (1.6ll 
A2n 1.3336 
A2n 1.2565 
a3n 1.2006 
a3n 1.1361 
x2n 1.1199 
x2n t.o7o 
A3n t.037o 
x2n 1.047 
A3n 1.1354 
x2n o.9697-
x2n 1.0011 
2n (1.89) 
A2n 1.6778 
A2n 1.5914 
a3n 1.6088 
x2n 1.5201 
x2n 1.4352 
Aln 1.4673 
x2n 1.407 
A3n 1.520 
x2n 1.3409 
x2n 1.3147 
bln (2.2425) 
A2n 1.9740 
aln 1.6338 
x2n 1.5880 
Aln 1.6203 
x'n 1.475 
x2n 1.4484 
aln 1.4904 
bln (2.367) 
A'n 2.148 
a3n 1.776 
x2n 1.7815 
Aln 2.o28 
X'n 1.741 
x'n 1.62 
a3n 1.611 
Z.tt (A) calcd 
1.50 
2.20 
3.00 
3.00 
3.90 
3.90 
4.90 
4.90 
4.90 
6.00 
6.00 
7.20 
132 
144 
156 
156 
168 
180 
180 
180 
192 
192 
204 
779 
820 
341 
1312 
1353 
1394 
1435 
1435 
4070 
4180 
1617 
5500 
5610 
5720 
5830 
5830 
+0.12 
+3.23 
+15.02 
+5.97 
+19.92 
+31.67 
+85.73 
-34.33 
-56.52 
-80.89 
-142.36 
-298.68 
+2.87 
+34.13 
+93.33 
+39.43 
+142.39 
+277.76 
-117.98 
-196.69 
-212.42 
-380.72 
-636.67 
+16.73 
+77.81 
+289.43 
+913.14 
-629.82 
-1715.25 
-2493.98 
+1184.90 
+74.57 
+160.84 
+736.89 
+2297.66 
-1541.11 
-3857.09 
-5296.69 
+2523.52 
exptlh 
+2.14 
+14.0 
+5.95 
~+23 
+27.95 
+77.8 
-34.79 
-63 
-83.83 
-139.21 
-292.85 
+35.3 
+108 
+40.2 
+142.83 
+295.94 
-115.71 
-212 
-216.5 
-376.96 
-648.13 
+79.01 
+289.Ql 
+892.52 
-615.4 
(-1815) 
-2652.8 
+300 
+711.7 
+2178.88 
-1574.8 
(-3830) 
(-5400) 
error(%)' 
+ 1.09 (51) 
+1.02 (7) 
+0.02(<1) 
-3.08 (13) 
+3.72 (13) 
+7.93 (10) 
-0.46 (1) 
-6.48 (10) 
-2.94 (4) 
+2.66 (2) 
+5.83 (2) 
-1.17 (3) 
-14.67 (14) 
-0.77 (2) 
-0.44(<1) 
-18.14 (6) 
+2.27 (2) 
-15.31 (7) 
-4.08 (2) 
+3.76 (1) 
-11.46 (2) 
-1.20 (2) 
+0.42 (<!) 
+20.62 (2) 
+14.42 (2) 
-99.75 (5) 
-158.82 (6) 
-139.16 (46) 
+25.19(4) 
+118.78 (5) 
-33.69 (2) 
+27.09 (1) 
-103.31 (2) 
a Internuclear distances in angstroms. The values in parentheses are 
the distances in the ground state or that of its neutral species. b The 
value in parentheses are observed spectral splittings, which means that 
the experimental values are not corrected with respect to the effects of 
molecular rotation and vibration. c Error= i[SBK(d,p)]- [exptl]l. (%) 
= i[SBK(d,p)] - [exptl]l/[exptl] x 100. 
are essentially identical for the ECP and all-electron bases, since 
both have nodeless 2p orbitals. On the other hand, very large 
SBK(d,p) Z.rr values are needed for Na-1 in order to reproduce 
the experimental FSS of diatomic hydrides. Other workers 13·15 .1 7 
have noted similar large scale factors when using ECP basis 
sets. The explanation given15·17 is that Zerr is called upon to 
compensate for corresponding errors in the expectation value 
(r-3). The reason for the ECP error in this expectation value is 
that the pseudo-orbitals go to zero at the nuclei and have no 
radial nodes and, therefore, are much less accurate than all-
electron orbitals in the small r region. For a convincing 
demonstration of this, see Figures 3 and 4 of ref 30. 
In order to firmly demonstrate that these large factors are 
strictly due to using ECP basis sets, we also carried out FSS 
calculations using the 3-21G(d,p) basis set. This is one of the 
few all-electron basis sets which exists for all of the heavier 
main group elements, and our MCSCF/3-21G(d,p) results are 
Zerr = fmZ; / 1 = 0.45 + 0.05n for Li-F 
/ 2 = 0.98 - O.Oln for Na-Cl 
f 3 = 1.21 - 0.03n forK, Ca, Ga-Br 
/ 4 = 1.24 for Rb, Sr, In-I 
Thus, all-electron scaling factors range from 0.50 to 1.24 times 
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the true nuclear charge throughout the periodic table. The very 
large scaling factors for the SBK(d,p) basis set should thus be 
regarded less as effective charges than as empirical parameters, 
to be judged by how well they reproduce experimental values 
in systems other than the AH species for which they were 
obtained. 
Diatomic Molecules AB. Table 2 lists FSS values for the 
low-lying II states of AB molecules, using the MCSCF/ 
SBK(d;p) Zeff determined above. This table also includes the 
FSS obtained by all-electron.methods [MCSCF/6-31G(d,p) or 
MCSCF/3-21G(d,p)]. The calculated results seem to be near 
quantitative, although several test molecules give relatively large 
discrepancies between the calculated and observed FSS. Of 
the 153 states listed in Table 2, there are useful experimental 
data29 for 118 states. The error in the calculated FSS is less 
than 10% for more than half ( 61) of these and less than 30% 
for more than two thirds (86) of the cases. For the molecules 
which are most seriously in error, there are generally large 
discrepancies for both the SBK and the all-electron calculations. 
The likely origins of these serious disagreements are discussed 
in the following paragraphs. 
As shown in Tables. 1 and 2, FSS for Be compounds are 
overestimated by about 50% (BeH (51%), BeF (+53%), BeCl 
(+52%), and BeBr (65%)). Similarly, the calculated FSS for 
Sr and Ca compounds are generally 75% and 140% of the 
experimental values, although SrO has an error of 239%. There 
are insufficient experimental data for Mg compounds to be 
certain if similar errors exist for this element. Thus, the Zeff 
values proposed here are inaccurate when applied to alkaline 
earth metals (Be, Ca, Sr) and should not be used. The 
all-electron results have similar errors for Be but are better than 
the SBK results for Ca and Sr. For example, the MCSCF/3-
21 G( d,p) predictions for Sr compounds are SrH ( -1% ), SrO 
(+8%), SrF (-9%), SrCl (+3%), SrBr (+6%), and Sri (+16%). 
At the suggestion of a referee, we tried using a semicore 
RECP 10c for Sr. A smaller Zeff = 33 x Z (based on In's Zerr) 
gave results for SrH (FSS = 222 cm- 1, error= 26%) and SrO 
(FSS = -121, error= 73%) closer to experiment values (+300 
and -70, respectively) than the SBK basis does (+161 and 
-237, respectively). These results could indicate semicore 
ECPs are important for alkali earths, but they could simply mean 
that the scale factor for these compounds should be smaller than 
that employed for the rest of that period. 
Huber and Herzberg29 give -3.6 cm- 1 for the FSS in the 
A2IIu state of02+, while Ishiguro and Kobori 11 cite -8.2 cm-1 
as the experimental value for this state. The calculated FSS 
(-7.36 cm- 1) is much closer to the latter value. Our results 
predict that the ground state of c2+ is 4~g -.in agreement with 
previous calculations,31 with a FSS of -10.31 cm- 1• Because 
we obtain -34.97 cm- 1 for the FSS in the lowest 2IIu state of 
C2+, the experimental value (-8.0 cm- 1) is likely to be that 
for the 4~g- state rather than the assigned 2Tiu state. 
For AlS, the FSS experimental value (118 cm- 1) is given as 
a spectral splitting in the 2TI state, and its spin-state order (the 
sign of its FSS) has not been determined. The calculated FSS 
(-369 cm- 1 for SBK, -361 cm- 1 for 3-21G(d,p)) is 3 times 
as large as this value. The interaction between 2II 112 and the 
next excited state (2~) reduces the calculated FSS from -369 
to -281 cm- 1, but it is still too large. 
The experimental spectral splittings for low-lying 3II states 
in SeC (+316 cm-1), IAl (+200.2 cm-1), Gal (+329.6 cm-1), 
Ini (+663.5 cm- 1), and Brz enu, -1997.47 cm- 1) are given 
as the energy gap between the 3II0+ and 3II1 states. The 
corresponding calculated FSS listed in Table 2 were initially 
obtained without considering the A-type splittings of the 3II0 
Koseki et al. 
state. When the interactions between the 3II states and higher 
triplet states are considered in a larger spin-orbit CI calculation, 
the relative energies of the 3II0-, 3II0 +, 3II 1, and 3II2 states are 
SeC: -460, -442, -24, +426 cm- 1 
IA1: -402, -398, -109, +280 cm- 1 
Gal: -716, -699, -222, +453 cm- 1 
Inl: -1095, -1094, -177, +893 cm- 1 
Br2: +617, +1221, -408, -1366 cm-
1 
respectively. As a result, the computed energy gaps between 
the 3II0+ and 3II1 states are +418, +289, +477, +917, and 
-1629 cm- 1 in SeC, IAI, Gal, Inl, and Br2, respectively. These 
values are closer to experimental values but still in error by 
more than 30%. Thus, the A-type splitting is quite important 
when a molecule has a large FSS. (Note that, in a diatomic 
molecule, the magnitude of the A-type splitting is approximately 
proportional to the square of FSS.) 
The observed spectra of MgCl show that 2II3n is lower in 
energy than 2II 112, so the FSS is negative (the spin-mixed states 
are in irregular order). However, the calculated FSS has a 
positive sign (Table 2). Since the main configuration of the 
2II state is n 1, the calculated result is consistent with the rule 
of atomic spin-state order. 32 In fact, all computed state orders 
in Tables 1 and 2 are in accordance with this rule. Therefore, 
a negative FSS would presumably arise from a n3 excited state 
in MgCl. We find the lowest n3 state to be higher than the n 1 
state by about 7000 cm- 1• It is conceivable that the order of 
these n 1 and n3 states could be reversed by a multireference 
Cl, but our calculated FSS of -541 cm- 1 for the n3 state is 
inconsistent with the experimental value of -54 cm- 1• The 
lowest 2d state has a negative FSS, but it is much higher in 
energy than the 2II states. The MCSCF/3-21G(d,p) calculations 
give similar results. 
The experimental value (110.1 cm- 1) in BrMg is given as a 
spectral splitting, and the electronic states are not assigned 
explicitly. The experimental value in Teo+ refers to peaks 
overlapped by impurities and is unreliable. The experimental 
FSS in 2II TeCl and TeBr were obtained under the assumption 
that there is no spin-orbit coupling in the second excited state 
(Zd). Because the FSS in the 2d states of these molecules are 
predicted to be nonzero in our calculations (307 and 584 cm- 1 
for TeCl and TeBr, respectively), the calculated FSS in the 
ground states (ZII) of these molecules might not be comparable 
with the experimental ones. 
Aside from the alkaline earth compounds, the SBK(d,p) error 
is less than 10% for 60 states, less than 30% for an additional 
21 states, and over 30% only for the 11 cases of C2 +, AIS, SeC, 
IAl, Gal, Ini, Br2, MgCl, Teo+, TeCl, and TeBr. As discussed 
above, for C2+, Teo+, TeCl, and TeBr there is ambiguity in 
the experimental analysis. We may compare the quality of the 
SBK(d,p) results to those for 3-21G(d,p), for which 65 states 
are within 10% of experimental values, 14 within 30%, and 12 
over 30% (an additional large error occurs for IO). The results 
for the two basis sets are thus much the same, in spite of a very 
great difference in the magnitude of the Zerr values between the 
two. In general the error seems to be less than 30%, which 
implies this method should be useful for a qualitative under-
standing of spin-orbit coupling effects in polyatomic molecules. 
In the following discussion, this method is applied to the studies 
of three interesting potential energy surfaces. 
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TABLE 2: Fine Structure Splittings [cm-1] in the Doublet and Triplet 0 State of Diatomic Molecules 
molecule state Re" SBK(d,p) all eb exptl< error!(%) 
LiO X211 1.695 -117.88 -120.91 -112.0 +5.88 (5) 
LiF liT (1.564) -133.23 -137.70 
BeO alii (1.331) -61.33 -62.03 
BeF NIT 1.3935 +33.47 +38.60 +21.82 + 11.65 (53) 
BN X liT 1.281 -26.10 -26.00 
BO A211 1.194 -122.98 -123.64 -122.26 +0.72 (1) 
BF aliT 1.308 +27.82 +29.00 +24.25 +3.57 (15) 
cz+ X211u 1.301 -34.97 -34.91 -8.0 +26.97 (337) 
4~g 1.301 -10.31 (-8.0Y +2.31 (29) 
Cz alllu 1.312 -15.39 -15.10 -15.25 +0.14(1) 
dliTg 1.266 -14.63 -14.31 -16.9 -2.27 (13) 
CN NIT 1.233 -55.21 -54.62 -52.64 +2.57 (5) 
co+ A211 1.244 -123.18 -124.16 -117.5 +5.68 (5) 
co aliT 1.206 +46.79 +46.74 +41.53 +5.26 (13) 
CF X211 1.272 +78.81 +79.56 +77.12 +1.69 (2) 
Nz+ A211u 1.175 -77.68 -77.78 -74.62 +3.06 (4) 
liTg 1.175 +99.84 
Nz Bll18 1.213 +44.90 +44.80 +42.24 +2.66 (6) 
CliTu 1.149 +41.88 +41.78 +39.2 +2.68 (7) 
No+ bliT 1.175 +71.03 +71.84 
NO X211 1.151 +128.20 +128.52 +123.14 +5.06 (4) 
No- liT (1.258) -47.66 -48.44 
NF liT (1.317) -49.17 -49.70 
oz+ X211g 1.116 +201.16 +204.28 +200.33 +0.83 (< 1) 
A211u 1.409 -7.36 -6.17 -8.2 -0.84 (10) 
a411u 1.381 -50.82 -51.21 -47.79 +3.03 (6) 
411g 1.381 -60.19 
Oz liTg (1.207) -86.09 -86.80 
liTu (1.207) +87.78 +87.71 
o2- X2118 1.350 -151.92 -153.83 -160 -8.08 (5) 211u (1.350) -127.79 -128.67 
OF liT 1.326 -185.65 -187.90 
F2 liTu (1.412) -147.85 -150.70 
llls (1.412) -132.09 -134.63 
NaO 211 2.050 -132.89 -124.45 
NaF liT (1.926) -140.86 -137.96 
MgO aliT 1.870 -70.79 -63.49 ~-so +20.79 (42) 
MgF NIT 1.747 +43.61 +42.59 +37 +6.61 (18) 
AIN X liT 1.786 -42.74 -34.56 -33.0 +9.74 (30) 
AlO A1IT 1.771 -149.14 -129.52 -127.8 +21.34 (17) 
AlF aliT 1.648 +48.94 +51.14 +47 + 1.94 (4) 
SiC X liT 1.820 -47.44 -42.56 
SiN A1IT 1.636 -114.92 -94.12 -89.41 +25.51 (29) 
SiO bliT 1.562 +82.06 +80.14 +73.19 +8.87 (12) 
SiF X211 1.601 +162.56 +169.52 + 161.88 +0.68(<1) 
CP A1IT 1.653 -171.43 -157.32 (-158) + 13.43 (9) 
PN liT (1.491) +102.94 +97.44 
PO X211 1.476 +244.88 +236.93 +224.03 +20.85 (9) 
PF+ X1IT 1.500 +303.97 +323.22 +323.95 -19.98 (6) 
PF BliT 1.752 +133.61 +130.56 +143.06 -9.45 (7) 
BeS liT ( 1.742) -174.42 -169.92 
BS A211 1.818 -342.10 -336.44 -330.91 +11.19 (3) 
cs+ A1IT 1.641 -311.24 -303.82 -298.46 +12.78 (4) 
cs aliT 1.569 +105.69 +98.14 ~+95 +10.69 (11) 
NS X211 1.494 +251.64 +230.39 +222.94 +28.70 (13) 
so NIT 1.608 +160.72 +156.80 (+158) +2.72 (2) 
SF X211 1.601 -406.83 -409.64 -387 ± 25 + 19.83 (5) 
LiCl liT (2.021) -295.41 -282.77 
BeCl NIT 1.821 +80.41 +61.85 +52.8 +27.61 (52) 
BCl aliT 1.698 +61.50 +37.38 
CCI X211 1.645 + 151.41 +122.35 +134.92 +16.49 (12) 
NCI liT (1.614) -82.43 -64.72 
ClO X1IT 1.570 -289.95 -255.65 (-318) -28.05 (9) 
FCJ Blii 2.031 -238.98 -225.45 
NaCl lfi (2.361) -298.26 -289.83 
MgS lfi (2.142) -181.30 -171.09 
MgC1 A211 2.176 +70.15 +63.16 (.71' 1 state) 
-541.88 (-54) (nl state) 
Ab liTu (2.466) +42.66 +39.58 
lfig (2.466) +61.88 
AlS B2II (2.029) -369.18 -360.68 (?118) +251.18 (213) 
-281.48' + 163.48 (139) 
AlCJ alii 2.100 +67.48 +65.02 (+65) +2.48 (4) 
Siz Dlfiu 2.155 -76.32 -69.74 -71.6 +4.72 (7) 
lfig (2.155) -37.85 
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TABLE 2: (Continued) 
molecule state Rea SBK(d,p) all eb exptJ< error"'(%) 
SiS a3IT 2.002 + 121.70 + 120.45 
SiC! X2IT 2.058 +207.40 +203.13 +207.21 +0.19 (<!) 
p2+ X2ITu 1.986 -274.13 -255.40 (-260) +14.13 (5) 
2ITg (1.986) +298.64 
p2 b3ITg 1.970 +137.93 +136.19 (+125) +12.93 (10) 
PS X2IT 1.901 +336.08 +332.13 +321.93 +14.15(4) 
Sz+ X2ITg 1.825 +478.11 +484.06 (+470) -3.19 (17) 
2ITu (1.825) -440.67 
Sz A3~u (1.889) -419.76 (-383) +36.76 (10) 
B3IT8 (1.889) -216.69 -210.77 (-209) +7.69 (4) 
D3ITu (1.889) +223.22 +221.80 
sz- X2ITg (1.889) -390.90 -373.60 -420 -29.10 (7) 
2ITu (1.889) -382.45 -344.70 
c~z+ X2IT8 1.891 -689.37 -677.73 (-645) +44.37 (7) 2ITu (1.891) -628.77 -592.91 
Ch 3ITu ( 1.988) -321.74 -311.04 (-280) 
3ITg ( 1.988) -294.57 
CaO a3IT 2.099 -98.88 -63.87 -58 +40.88 (71) 
CaP NIT 1.952 +83.18 +69.23 +73.4 +9.78 (13) 
GaP A3IT 1.7467 +322.16 +295.66 (+322.3) -0.14 (<I) 
GeP X2IT 1.7452 +931.08 +891.92 (+934.33) -3.25 (<!) 
A sO X2IT 1.6236 +1046.69 +1013.32 +1026.94 +19.75(2) 
AsP A3IT 1.954 +627.04 +560.60 (+613) +14.04 (2) 
SeC a3IT 1.723 +434.58 +402.18 (+316) + 118.58 (38) 
+418.23' +102.23 (32) 
SeN X2IT 1.6518 +955.49 +849.51 +890.84 +64.65 (7) 
SeP X2IT 1.7408 -1727.88 -1737.02 (-1790) -62.12 (3) 
BrBe NIT 1.976 +327.37 +267.93 +198.0 + 129.37 (65) 
BrB a3IT 1.853 +241.60 +191.43 (+177.65) +63.95 (36) 
BrC X2IT 1.823 +534.48 +406.54 +466 +68.48 (15) 
BrO X2IT 1.7172 -815.86 -596.26 -815 +0.86 (<I) 
SrO a3IT 2.196 -237.26 -75.64 -70 + 167.26 (239) 
SrP NIT (2.0754) +197.14 +256.17 (?280.7) -83.56 (30) 
InP NIT 1.9455 +785.51 +784.23 (+809.88) -24.37 (3) 
SnP X2IT 1.944 +2316.39 +2173.16 (+2316.9) -0.51 (<1) 
SbO X2IT 1.8258 +2461.34 +2117.66 (+2272) +189.34 (8) 
Teo+ X2IT [1.8250] +2982.85 +2994.03 (+4840) -1857.15 (38) 
IO X2IT 1.8676 -1833.04 -1186.91 (-2330) -496.96 (21) 
CaC1 A2IT (2.4390) +95.52 +83.95 (?69.5) +26.02 (37) 
GaCI NIT 2.1460 +334.32 +326.56 (+332.2) +2.12 (1) 
GeCI X2IT [2.07] +967.25 +946.20 (+975.0) -7.75 (I) 
AsS X2IT 2.0174 +1076.88 +1109.86 
BrMg NIT 2.332 +192.89 + 181.98 (?110.1) +82.79 (75) 
BrA! a3IT 2.26 +161.04 +146.97 (+132.3) +28.74 (22) 
BrSi X2IT [2.16] +457.72 +409.06 (+423.1) +34.62 (8) 
SrC1 NIT (2.747) +209.24 +303.45 (?294.2) -84.96 (29) 
InC! NIT 2.333 +803.25 +847.15 (+795.5) +7.75 (I) 
SnCI X2IT 2.361 +2344.12 +2293.11 (+2356.6) -12.48 (I) 
TeCI X2IT (2.50] -3860.00 -3956.18 (-1674) +2186.00 (131) 
IAI a3IT (2.5371) +337.11 +263.66 (+200.2) + 136.91 (68) 
+288.95' +88.75 (44) 
lSi X2IT 2.45 +905.00 +732.43 (+649-757) +202.00 (29) 
ret+ X2IT [2.3209] -4475.62 -4922.65 (-4680) -204.38 (4) 
KBr+ X2IT [2.8208] -2356.82 -2367.28 
CaBr NIT (2.695) +140.27 +124.79 (?63.3) +76.97 (122) 
GaBr NIT (2.3525) +415.60 +394.45 (+370.2) +45.40 (12) 
GeBr X2IT [2.29] +1185.28 +1126.36 (+1150) +35.28 (3) 
Se2- X2ITg [2.166] +2052.41 +2135.14 (+1940) +112.41 (6) 
A2Ilu [2.166) -1926.95 -1802.96 
Brz+ X2ITg [2.695] -2546.52 -2613.64 (-2820) -273.48 (10) 
A2ITu [2.695] -2361.65 -2373.48 (-2312) +49.65 (2) 
Brz A3Ilu 2.695 -1221.32 -1219.04 (-1997.47) -776.15 (39) 
-1629.06' -368.41 (18) 
3ITg 2.695 -1163.76 -1141.44 
RbBr+ X2IT [2.9447] -2463.33 -2368.97 
SrBr NIT (2.842) +229.10 +320.34 (?301.3) -72.20 (24) 
KI+ X2IT [3.23] -4983.78 -5180.43 
Cal NIT (2.996) +252.72 +203.67 (?59.4) + 193.32 (326) 
Gal A3IT (2.5747) +579.88 +500.35 (+329.6) +250.28 (76) 
+476.85' +147.25 (45) 
Gel X2IT [2.50) +1632.61 +1450.84 (+1413) +219.61 (16) 
InBr A3IT (2.5432) +865.15 +893.90 (+786.2) +78.95 (10) 
SnBr X2IT [2.44) +2498.65 +2400.92 (+2463) +35.65 (1) 
TeBr X2IT [2.96) -3925.72 -3982.03 (-1718) +2207.72 (129) 
IBr+ X2IT [2.4690) -4647.87 -4963.14 (-4600) +47.87 (1) 
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TABLE 2: (Continued) 
molecule state Re" SBK(d,p) all eb exptl' errort (%) 
Rbi+ X2IT [3.1769) -5066.41 -5173.53 
Sri A2IT [3.35] +282.97 +378.93 (?326.1) -43.13 (13) 
InJ+ A2IT [2.7537) -5121.94 -5300.56 (-5400) 278.06 (5) 
In I A3IT (2.7537) +997.12 +980.83 (+663.5) +333.62 (50) 
+917.44' +253.94 (38) 
Te2+ X2Ilg [2.5574) +4480.28 +4658.58 (+3790) +690.28 (18) 
A2Ilu [2.5574) -4339.80 -4043.11 
h+ X2Ilg [2.6663) -5624.85 -5860.98 (-5180) +444.85 (9) 
A2Ilu [2.6663) -5267.47 -5203.85 (-6530) -1262.53 (19) 
h A3Ilu (2.6663) -2700.25 -2723.84 (-2835) -134.75 (5) 
liJg (2.6663) -2555.37 -2448.90 
a Internuclear distance Re in angstroms: (Re) is the distance in the ground state; [Rel is that of its neutral species; (Re) is the distance optimized 
in this study. bThe values are estimated by using all-electron calculations: the MCSCF/6-31G(d,p) method is used for the first- and second-row 
atoms and FSS of molecules that contain a third- or fourth-row atom are calculated by means of the MCSCF/3-21G(d,p) method. '"?" indicates 
that the sign of FSS has not been determined. FSS is observed as a spectral splitting, which means that the experimental values are not corrected 
with respect to molecular rotation and vibration. (FSS) for SeF has been predicted by Brown, Byfleet, Howard, and Russell (Mol. Phys. 1972, 23, 
457). Its observed FSS is -560 cm- 1 (Carrington, A.; Currie, G. N.; Miller, T. A.; Levy, D. H. J. Chern. Phys. 1969, 50, 2726). d Error = 
I[SBK(d,p)) - [exptl]l. (%) = I[SBK(d,p)) - exptl]/[exptl) x 100. • FSS is recalculated using better wave functions. See the text for detail. 
Methylene Analogs. Bend potentials for the methylene 
analogs (AH2, A = C, Si, Ge, and Sn) have been computed. 
Figure 1 illustrates the potential energy curves of three low-
lying electronic states (IA1, 1B1, and 3B1) as a function of the 
H-A-H angle. The orbitals for the singlet states were obtained 
by means of state-averaged MCSCF/SBK(d,p) and that of the 
triplet states by the usual MCSCF/SBK(d,p) calculations. The 
spin-orbit Hamiltonian matrices include the lowest 20 virtual 
singlets and triplets (80 total spin substates). 
The adiabatic potential energy curves of CH2 and SiH2 have 
been reported by several groups,33- 35 and our results are in 
quantitative agreement with them. In the relativistic calcula-
tions, one triplet substate is predicted to undergo an avoided 
crossing with the lowest singlet state, close to the energy 
minimum of the lowest adiabatic excited state. This is a singlet 
state in CH2 and a triplet state in SiH2, GeH2, and SnH2. The 
energy splittings between these two states at the bond angle 
where the adiabatic crossing occurs are 28 (CH2), 142 (SiH2), 
936 (GeH2), and 2334 cm- 1 (SnH2). The large spin-orbit 
coupling in GeH2 and SnH2 suggests there may be fast 
intersystem crossing between the lowest singlet and triplet states. 
So, it might be difficult to observe chemical properties of the 
second electronic state in the heavier systems. The spin-orbit 
coupling also tends to increase the singlet-triplet separations 
somewhat. 
Exchange Reaction X + HX. The exchange reaction I + 
HI has been studied using femtosecond transition-state spec-
troscopy.36 Several calculated potential energy surfaces37 for 
this reaction have been reported, and many dynamics studies38 
have been carried out. Here, we consider the transition-state 
geometries for this exchange reaction for X = I and Br. 
Figure 2 illustrates the adiabatic and relativistic potential 
energy curves of three low-lying states (~u +, llg. and llu at the 
linear structure) as a function ofi-H-I angle at the transition-
state geometry [R(H-I) = 1.879 A]. We performed MCSCF 
calculations followed by first-order CI calculations, with one 
set of diffuse sp functions added to the SBK(d,p) basis set of 
the I atoms. 39 The ground state CZ~u + if linear) has a very 
shallow energy minimum within Czv symmetry at an I-H-I 
angle of 153°, but incorporation of spin-orbit coupling removes 
this bent structure from the ground-state potential curve, 
suggesting that the transition state has a linear structure. This 
result agrees with that reported by Yabushita.40 We also 
obtained the adiabatic and relativistic bending potential energy 
curves of three low-lying states at the transition-state geometry 
of Br-H-Br [R(H-Br) = 1.673 A; see Figure 3]. Both 
adiabatic and relativistic curves of the ground states have a very 
shallow Czv energy minimum near a bend angle of 150° so that 
the transition state of this reaction may have a bent structure. 
Photodissociation of NaX. Multiphoton dissociation reac-
tions of Nal and NaBr are also of interest in femtosecond 
transition-state spectroscopy.41 .42 The dissociation path is as 
follows. The photoexcitation from the ground ~ state (ionic 
state) of NaX to the first excited IT state (covalent state) is 
followed by a delayed photoexcitation from the rr state to higher 
states which correlate with Na(ZP) + X(ZP) in the dissociation 
limit. The initial IT excited state correlates with Na(ZS) + X(2P). 
The time evolution of the photoemission, corresponding to the 
transition from NaCZP) to Na(ZS), is observed in order to study 
the dissociation dynamics of NaX. Here, we report the potential 
curves for X = Cl, Br, and I. 
Figure 4 depicts the adiabatic and relativistic potential energy 
curves of low-lying electronic states in Nai, calculated using 
the MCSCF method with the SBK(d,p) basis set augmented by 
one set of diffuse sp functions for both Na and X atoms. The 
state-averaged MCSCF calculations include all singlet states that 
correlate with Na(ZS) + I(ZP), Na(ZP) + I(ZP), and Na+(ls) + 
I-(ls), namely X 1 ~+, A1ll, B 1 ~+, C1A, D 1 ~-. E 1 ~+, F1ll, G 1ll, 
and H 1 ~+. These states and the corresponding virtual triplet 
states (a3ll, b3~+, c3~+, d3A, e3~-. f3ll, g3ll, and h3~+) were 
considered in the relativistic calculations. 
Adiabatic energy curves (Figure 4a) cannot be employed in 
the study of the dissociation dynamics because of the large 
energy splitting of the I(2P312) and I(2P112) states. Our prelimi-
nary analysis suggests the following dissociation processes. The 
relativistic calculations lead to strong mixing between A I rr and 
3ll states, as shown in Figure 4b. We denote this type of spin-
mixed state by the notation lA + a). The transition moment 
and excitation energy from the ground state X to lA + a) is 
(XI riA + a)= 2 x 0.469 = 0.938 bohr, 
AE = 27 938 cm-1 
A second spin-mixed state also would play an important role 
in the initial photoexcitation: 
(XIriB +a)= 1.670, AE = 29 512 
The former transition moment goes to zero at the dissociation 
limit, but the latter does not vanish at dissociation. The delayed 
laser pulse would promote the system to one of the following 
four states: 
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(A+ alriD +c)= 2 x 2.410 = 4.820, tlE = 13 028 
(A+ alriC+ d)= 2 x 2 x 2.440 = 9.760, tlE = 13 232 
(A+ alriE +e)= 2 x 2.367 = 4.734, tlE = 13 734 
(B + alriG +c)= 2 x 3.126 = 6.252, ll.E = 11 973 
The first three of these excited states correspond to atomic 2P 
sodium at the dissociative limit. Our calculations (15 890 cm- 1) 
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underestimate the energy difference between 2S and 2P Na by 
about 6% (experimental value, 16 959). 
In a subsequent paper, we will study the dissociation 
dynamics using these relativistic curves. In relation to this 
study, we have also obtained the relativistic potential curves of 
NaBr and NaCI. Their potential shapes are very similar to those 
of Nal, but the spin-orbit splittings of the 2P states of Brand 
Cl in the dissociation limit are much smaller than those of I. 
Therefore, it may not be necessary to obtain their relativistic 
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Figure 1. Potential energy curves of three low-lying electronic states along the bending motion of AH2, with r(AH) fixed at the equilibrium value 
in the 381 state: (a) CH2, r(CH) = 1.1158 A, (b) SiH2. r(SiH) = 1.5109 A. (c) GeH2. r(GeH) = 1.5605 A, (d) SnH2, r(SnH) = 1.7303 A. The zero 
of energy is the minimum of the lowest singlet, 1A1• Adiabatic curves are on the left. Relativistic curves are on the right, with an avoided crossing 
between the ground state and one triplet substate occurring near the energy minimum of the second adiabatic state. 
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potential energy curves, as the adiabatic curves might be 
sufficient for the qualitative study of the dissociation dynamics 
in NaBr and NaCl. 
Summary 
We have proposed a series of effective nuclear charges for 
spin-orbit coupling calculations within a one-electron ap-
proximation to the spin-orbit Hamiltonian by means of the 
MCSCF/SBK(d,p) method. Although some disagreements 
between the calculated and experimental results were found in 
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Part a shows adiabatic energy curves. Solid, broken, and dotted lines 
are ~. IT, and .1. states, respectively. Part b shows relativistic energy 
curves. The top shows nondegenerate spin-mixed states. The bottom 
shows doubly degenerate states, with solid lines indicating odd-
numbered states and broken lines the even-numbered states. States 
correlating to NaCZP112l + 1(2P;!2). NaeP112l + I(ZPJ12l. and NaeP112l + 
1(2P;12) are not shown. 
the prediction of fine structure splittings for diatomic AB 
molecules, the results for most (apart from alkaline earths) are 
within about 30% of experimental values. In spite of the Zerr 
scale factors for the SBK ECP basis set being much larger than 
those for 3-210, the AB diatomic test results for the two basis 
sets are for the most part quite similar. Encouraged by these 
qualitatively reasonable results, we have used the scale factors 
for the ECP basis sets to predict some consequences of spin-
orbit coupling on potential curves. These include possible 
intersystem crossing routes for the first excited state in heavy 
methylene analogs and a linear transition state in the IHI system. 
We plan to investigate the reaction dynamics of heavy atom 
compounds using these effective nuclear charges. The deter-
mination of the effective nuclear charges for the first- and 
second-row transition metals is in progress. 
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